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To  imdorstand  how  tho  ooohl.on.  sinalyzes  ?,iad  .?eanonds 


to  eorrolo::;  sound  stlnuli*  it  la  desirable  to  Imow  what  kind 
of  nossai^o  Individual  norvo  fibora  carry  from  the  oar  to 
the  central  nosrvoua  eyatocu  In  l9i{-2#  GalariJbos  and  Davis 
(9)  recorded  oltcctcrlc  responaoa  of  alnglo  cangllon  colls 
in  tho  cr-'*.hlear  nucloua#  v;hich  thoy  onco  bollovod  to  bo 
from  sini^ie  auditory  norvo  fibers*  Those  roeponoos,  ro- 
cordod  fron  tho  socondai*y  nourona  in  tho  auditory  oystom, 
indionto  that  oach  olonont  responds  to  a tone  of  a particu- 
lar froqtioncy  v/lth  a particularly  hiph  aonsitlvity* 

Oalambos  (G)  also  doscrlbod  an  inliibltory  intoraction  be- 
tween tho  rosnonaos  to  tv/o  difforont  sound  stinuli  in  tho 
cocliloa  nuolous.  It  Is  thorofore  possible  that  tlio 
solectlvo  response  of  oach  element  at  this  level  of  tho 
atidltory  systoi*  to  a particular  froquonoy  could  bo  largely 
duo  to  soEie  complicated  interaction  among  norvo  irq>ulses 


onriLving  at  the  ooohleap  nuolaisB  ovop  a large  nuial)er  of 
primary  atulitory  nerva  fibers « 

Quite  reaontly#  it  baa  bean  ahofim  in  this  Institute 
(\9920)  that  the  basal  turn  of  the  guinea  pig  oooblea 
responds  to  praotioally  all  frequencies  In  the  atdible 
range*  ehile  the  upper  partis  ef  the  oeohlea  resp<md  only 
to  sounds  of  low  frvqiisneies*  ttxm  method  of  differential 
reooz^ng  of  the  mior^honio  res^ponse  aorosa  the  ooohlear 
partition*  it  shown  that*  when  the  reaponae  of  tlie  iqq>er 
part  of  the  ooohlea  (to  low-frsqusnay  ao\mda)  had  been 
elindnated  by  looal  injeotion  of  an  laotoxd.o  KCX 
solution*  there  were  atill  good  normrl  roaponsee  in  the 
basal  tiuni*  both  mioropbonioe  and  nerve  aetlon  potentials* 
These  results  exclude  any  sher%  "c.'&U.2ation  of  vibratoi^ 
moticn  in  the  ooohlea* 

The  "resonanoe  ourva**  obtained  by  B^lc/ay’  (3)*  which 
oorrelatea  neohanioal  diaplao^aent  of  the  ooohlear  parti* 
tlon  of  the  dead  human  and  animal  ears  with  plaoo  in  the 
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ooohlea  at  various  froquenclea.  Is  not  very  elmxv.  Novor- 
tholoBs  the  largo  ndcrophonlc  and  norvo  notion  potentials 
induced  by  low  iVoquenoy  sound  in  the  basal  turn  still 
soom  difficult  to  rooonollo  with  Bekosyts  curves,  which 
show  a fairly  rapid  decay  In  an5>litudo  of  vibration  toward 
the  basal  turn.  More  direct  information  as  to  the  nerve 
lsQ>ulbea  in  the  primary  auditory  neurons  seemed  to  offer 
a solution  of  this  difficulty* 

The  dlacovory  of  submlcroacoplo  ndcroelectrodes  by 
Ling  and  Gerard  (IH)  and  by  Uastuk  and  Hodgkin  (13)  opened 
up  the  possibility  of  recording  single-fiber  rooponses  from 
small  nerve  fibers  in  anatomically  restricted  positlona 
in  the  body.  The  possibility  and  the  difficulties  of 
recording  resting  and  action  potentials  from  nerve  fibers 
has  recently  been  discussed  by  Woodbury  (21,.)  and  by  Tasald 
(19).  With  these  intra-eellulnr  eloatrodos  pushed  into  the 
myelin  sheath  or  the  axis-cylinder,  it  is  possible  to  record 
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largo  aotlon  potontial.8  vhioh  often  axnotmt  to  30  mV* 
Aotually  the  atteopt  to  roeord  oxioh  sin^>  fiber 
reaponsee  from  the  auditory  nerve  turned  out  to  be 
auooeaoful*  The  reioulta  obtained  indicated  that  the  nerve 
fibers  arising  in  the  basal  tvam  respond  to  all  the  fre» 
quenoies  examined  (between  $00  end  10»000  ope)  at  sound 
levels  of  about  $0  db  above  0«0002  aiorobar«  TThlike  tiis 
oell«-body  responses  from  the  cochlear  nucleus*  none  of 
the  spontaneous  discharges  observed  , in  these  primary 
sensory  neurons  voz*e  ever  inhibited  by  sound  stimulation* 
n^e  synopsis  of  this  work  was  presented  in  the 
Spring  Meeting  of  the  American  Physlologioal  Society 


in  1953  (20)* 


. « 

METHODS 

Surgienl  opejyatlon^  Gtdaea  pies  vrero  anaosthot-laed 
with  Dial  in  upotliane  (0«^  oo«/kg*  body  weight)*  An 
inoision  was  mdo  thrccijjh  the  sld.n  along  tho  massotep 
muscl®#  Aftoi*  ligating  the  oxtemal  jugular  vein  both  tha 
isassetep  muscle  and  the  mandible  were  out  across  in  the 
middle^  and  the  posterior  half  of  the  mondiblo  vas  z*emoved« 
lifting  the  posterior  part  of  the  masaeter  mueolOf  the 
bulla  was  then  e;q>o8ed»  Next  ell  the  tissues  around  the 
styloid  process  were  carefully  separated  from  the  surface 
of  the  bone  and  tihe  process  was  out  across^  with  a dental 
drill*  as  close  to  its  base  as  possible*  After  cleaning 
tlie  surface  of  tho  bulla  a large  opening  was  made  in  the 
bulla  to  o^tpooe  tho  cochlea*  tlie  ossiolos  and  the  tytepanio 
membrane* 

Then*  with  a small  dental  drill  (size  1/2)*  a smell 
hole  approximately  1 ssn*  in  diametor  was  made  toward  the 
modiolus  tlu>ough  the  thick  bone  bounded  by  tlie  seals 
tympani  of  tho  cochlea*  the  vestibule  and  the  cerebral 
cavity*  Tliis  hole  was  started  on  the  edge  of  the  bulla 
at  the  point  approximately  away  from  the  round 

window*  and  at  the  depth  of  approximately  2 sxcc  it  reached 
the  modiolue*  The  l^stologLcal  specimen  shown  in  Fig*  1 
ohows  tho  position  and  the  direction  of  the  holoct  The 
surface  of  tho  acoustic  nerve  was  then  cleaned  w5  th  a 
sharp  needle  end  forceps*  All  these  operations  were  dov^e 
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iindov  a dlBaaotlng  binooiilap  mlorosoope  or  about  10  x* 
Aootanulation  of  oorbr^o^aplnal  fluid  In  the  hoXo  wao 
slow,  axoopt  idiou  thsro  wav  a dlz'oot  ecsamunioation  betvoon 
this  hole  and  aoela  t^s^ani  of  the  oez^bral  eavitya  Whan 
the  direction  of  hole  waa  suoh  that  perforation  was 
first  made  in  the  wall  of  the  oorebral  oavity,  the  aniivil 
was  diaoardeda  A direct  oonExunicatlon  between  the  hole 
and  the  scala  t73q;>ani  did  not  cmuse  any  appreeiable  loss 
in  the  response  of  the  aoouetio  nerve;  but,  because  of 
rapid  aooumulation  of  x>orilyx!9h  in  tho  hole^  Insertion  of 
tho  miorooleetrode  into  the  nerve  fibers  was  oonaiderably 
more  difficult  in  animals  witli  suoh  a oonnunloation. 

The  head  of  tho  animal  was  fixed  to  a table  ]>poVldod 
with  tloreo  holders  made  from  etronc  foroeps*  (^o  holder 
was  used  to  olatt^i  tho  zycomatlo  aroh,  the  second  holder 
applied  to  tho  edc^e  of  tho  bulla  noar  the  attachment  of 
tho  eardnia  and  the  third  held  the  upper  inoissor  teeth* 

If  the  anlmial  wae  too  active  at  this  atage  an  additional 
does  of  0*03  to  0.05  00*  of  ]>ial  was  injeoted  intra* 
peritoneally*  A proper  dose  of  anaeathetio  and  frequeht 
heating  of  tho  animal  (to  avoid  sliivering  at  room  tempora* 
ture)  made  the  animal  quiet  enough  to  permit  obscr>vatlon 
of  single  fiber  responses  with  mioroeleotrodes*  Th3 
external  auditory  meatus  r/as  genorally  closed  with  a 

of  ar»d  the  sound  stirmli  were  apni.led 

V : l^i  the  bulla* 


EjLeetro»*aooTastlc  equlmont*  Soimd  atiimll  uead  wex»© 

(1)  olloks*  (2)  tono  pipp*  (3)  ptipe  sinuaoidal  waves  of 
vapious  fi<equeneids»an(x  in  sons  oases  (4)  sinusoidal  waves 
which  wore  modiilaljec:  In  both  frequency  and  intensity 

Clicks  v»ez»o  obtained  by  applyinfj  a rootongulap  voltoco 
pi2lse  to  an  Atlas  P!.i-2$  loudspeakep  to  which  a sadden  hose 
of  appx*oximately  175  traa  attaohode  Totke  nips  (short 
bursts  of  sound  waves)  wsre  obtained  in  two  ways*  Soioo- 
tlioes  they  were  obtained  by  passing  the  rootangulor  voltage 
pulso  through  two  sets  of  eleotrio  resonant  oiroxiits  of 
tiio  desired  freqitenoy  (see  Davis*  Silverman  and  ".IcAuliffo 
(6))o  Somotimos  pips  vrore  obtained  by  passing  a pturo 
sinuaoidal  wave  from  an  oscillator  through  an  electronic 
gate  designed  by  Mp<,  J*  IUnd  (11)  and  construe  tod  by  Ilr* 

II*  Ludwig*  The  pure  tones  wore  obtained  from  a boat® 
frequency  ooolllator  (General  Radio  130l^.-A  or  913-C)* 

In  order  to  make  it  possible  to  toot  the  effects  of 
several  different  frequenoies  In  a short  time*  the  frequency 
of  a boat®frequonoy  oscillator  was  changed  slowly  by 
changing  the  capacity  of  the  condenser  in  one  of  tho 
radlo-froquonoy  rosonont  circuits  of  tho  oscillator*  The 
rate  of  tills  change  was  controlled  by  a motor  rotating  tho 
plates  of  the  voriablo  condenser*  The  output  of  the 
oscillator  was  led  to  the  eleotronlo  gate  which  increased 
the  amplitude  of  the  output  from  the  oscillator  along  an 
exponential  time  course*  The  duration  of  tho  bursts  of 
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sound  and  tha  intoz>val  botoaen  those  lialatively  long  ptjm 
wore  also  oontrolled  by  the  gate*  Hbo  tranad\»or  us^d  fop 
this  type  of  aoouatlo  atlraulatlon  was  in  laost  oaaes  Signa- 
ture (Lsreing  D*17$)»  trbioh  has  a neir:rl7  flat  response  be- 
tween $00  and  10*000  ops*  The  tiam  of  the  transducer  was 
directed  toward  the  opening  of  the  bulla  at  a distenco  of 
approxiinateiy  $0  on*  from  the  animal* 

To  maaeure  the  i^proximate  intensify  of  the  stimuli 
a dynando  microphone  \7/estern  Cleotrio  33A)  was  placed 
near  the  ear  of  the  animal* 

Raeordinr.  oleetrodea  and  equipment*  T.’ioroeloetrodos 
used  for  recording  single  fiber  responses  wore  made  of 
glass  oapillaries  haring  a diameter  of  1/3  to  l/l|.  u at  ttte 
tip*  The  rate  of  Inorease  in  diaisoter  with  distance  from 
the  tip  was  between  1/8  and  l/lo\  The  eaplUary  was 

‘‘^This  elsotron-mioroaoopio  meeuBuromsnt  was  done  with  the 
help  of  Dr«  E*  Den^aey  of  the  Department  of  Anatox&y» 
Washington  University*  to  whom  X wish  to  express  xoy 
gratitude* 

filled  with  a three-molar  KCl  solution*  Electrodes  imre 
selected  which  showed  a DC-z^osistanoa  of  between  20  and 
no*  The  glass  oaplllary  was  held  with  a ltu>ite  holder 
and  a fine  silver  wix*e  (0*1  mm*  In  diameter)  oozmeeted  the 
capillary  to  the  input  of  a oethode-follower  preamplifier* 
The  output  of  this  prsar^zlifior  was  amplified  with  a oon- 
denser-oozq>led  an^lifior  (Grass  }•  The  resting  potential 
of  the  aeoustie  nerve  fibere  was  usually  not  m0asis>ed* 
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nhdn  reoordinge  of  tho  ooehlear  rilorophonle  and  vhole* 
nopva  action  potentials  were  naeded»  niohroma^stool  criros 
of  about  20  fi  dienotor  wore  Inserted  into  various  ttxrns 
of  the  ooohlea  and*  by  tho  nethod  described  earlier  (21)9 
the  various  potentials  separated  from  one  another  and 
were  recorded  simultaneously  with  independent  oathode-ray 
oscill ographs tt 
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RESULTS 

!•  Too  i^latiotmhip  between  tha  sound  lntt>tmlty  uaA 
tba  mlogophoxiio  geaponae»«  Two  pairs  of  nlohroms^atoel 
wire  elootrodsa  were  inserted  into  the  ooohlee*  one  pair 
In  the  basal  ttom  and  the  other  in  the  tliird  tum«  Tho 
adorophonlo  reaponses  from  the  first  and  thl2«d  turns  of 
the  ooohlea  and  the  soimd  wave  picked  by  the  microphone 
near  the  liead  of  the  animal  were  x»eeorded  sinultaneoiisly* 

An  example  of  the  records  obtained  by  tills  method  is 
shown  In  Fig*  2*  The  Intensity  of  tlie  sound  field  was 
adjusted  at  each  frequency*  to  constant  voltage 

across  the  cochlear  partition  In  the  basal  turne  As  desoM.bed 
in  an  earlier  paper  (21}*  the  rosponse  of  the  third  turn 
decreased  rapidly  as  the  frequency  went  up  from  5^0  to 
2000  ops*  The  phase  dlfferenoes  between  the  TOsponaes  fTMi 
the  two  turns  in  thess  records  agree  also  with  the  results 
described  earlier*  the  difference  at  ^00  ops*  being 
approximately  tr/Z  and  at  1000  cps*  close  to  tT*  l!ho  level 
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of  the  fiotmd  pressure  necessary  to  prodtusa  a constant 
miorophonic  pctential  In  the  basal  t’jm  depended  only 
slightly  upon  the  rreqixonoy*  At  8000  ops,  it  was  about 
10  db  below  that  at  ^00  cps*  In  the  range  of  sound  in- 
tensity omployed*  the  raiorophonio  potential  increased 
linearly  with  Incz^easlng  sound  intensity « 

The  difference  in  the  sound  levels  at  high  and  low 
fraquenoles  necessary  to  produce  a constant  voltage  in 
the  basal  turn  varied  greatly  with  the  amount  of  fluid 
aocisnulated  around  the  eerdrumo  Gradual  outi'low  of  peri- 
lyr^h  through  the  four  25  holes  made  in  the  cochlea  for 
the  nichrome-steol  eloctrodea  moistened  the  inner  surface 
of  the  tympanic  membrane ♦ This  increased  the  Bound  level 
roqiilrod*  particularly  at  low  frequanoioB*  Moreover  th® 
roaonanooQ  arjd  antl-resouancss  in  the  bulla  and  also  in 
the  closed  external  auditory  cenal  make  accurate  comparison 
of  sound  level  with  the  mlcrophonlo  response  at  different 
froquenoioB  very  diffloulto 
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2«  The  ghftps  of  single  fiber  yeaponsea*  Th®  tlms^ocurs* 


of  the  8ln^e«flh8r  responses  z^eoorded  vlth  nleroeleetrodes 
from  the  auditory  norve  of  the  guinea  pig  was  not  very 
different  from  those  obtained  by  the  same  method  from  the 
peripheral  nerve  of  the  frog  (19)*  The  rising  phase  of 
the  internally  x^oorded  action  potential  was  extremely 
•harp  and  the  falling  phase  vas  of  the  order  of  msec* 
(Beeausa  of  the  distortion  of  the  recorded  potential  by 
the'  oapaeitative  current  flow  throufpi  the  thin  ^ass  v7all 
of  the  cderoeleetrodef  the  exaot  time  course  of  the  action 
potential  Is  not  revealed  by  this  method.)  The  peak  value 
of  the  observed  eplke  potential  was  generally  betvToen  one 
and  10  mV«  Sometimes^  due  to  the  oax>eoity  of  the  glass 
wall  and  the  myelin  sheath^  the  falling  phase  of  the 
positive  spike  potential  was  followed  by  a sli.'^t  negativity# 
On  many  occasions  single*flber  responses  were  obeex*ved 
boforo  the  start  of  the  resting  potential  (see  Rooords  G 
end  n in  Pig.  3)«  This  faot#  together  with  the  "notcliea'' 
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wfaich  often  appeared  on  or  near  the  top  of  the  obaerved 
notion  potential  (see  the  reoorda  In  the  Qildd3,a  column  of 
PlC*  4)9  indioatea  that  the  mlcroelectrodo  ia  aotti&lly  in 
one  of  the  myelinated  fibers  in  the  modiolus*  In  the  frog 
motor  nerve  fiber-  these  notches  derive  from  delayed  oon» 
ductlon  between  the  nodes  of  Ranvler  on  the  two  ends  of 
the  intsrnode  punctured  with  the  microelectrode  (19 )•  It 
was  also  mentioned  in  tho  earlier  paper  that  a thin  film 
of  myalln«  which  sotnotlnea  covers  tbo  tip  of  the  micro*  ' 
electrode*  la  capable  of  auat&ining  tho  resting  potential 
across  it*  while  the  rapid  voltage  change  durdng  actlvUqr 
passes  through  this  oapeoitatlve  membrane » In  soveral 
oases  the  '*thln  film  of  myelin”  .apparently  disappeared 
temporarily  after  the  and  of  a spike  potential  (see 
Record  0 in  Pig,  3 atid  rocorda  in  tho  right  oolumn  of 
Pig*  A resting  pwoontial  appeared  Imnediately  following 

a XHjeponse  and  then  gradually  returned  within  less  thfiui 
a soeond* 


lil- 


The  size  axid  the  sha^pa  of  the  spike  potential  changed 
appTOOlably  from  fiber  to  fiber#  end  aleo  from  time  to 
tinw  in  one  fiber;  but  the  changes  in  a given  fiber  usttally 
progressed  very  sloirly  except  vhon  a sudden  movement  of 
the  animal  cased  a suddon  jump  of  the  oscillograph  line* 

As  long  as  the  base  lino  of  the  oaoillograph  stays  quiot# 
we  ean  be  sure  that  the  ndoroeleotrode  is  still  recording 
potentials  from  the  same  fiber* 

3*  Spontaneous  disehargpg*  In  all  ttxe  experiments 
described  in  this  paper  mioroeleotrodes  vere  pushed  into 
the  acoustic  nerve  ublle  the  sound  stimuli  (in  moat  cases 
tone  pips  of  relatively  long  duration)  vere  being  £q>plied 
to  the  ear*  It  was  found  by  this  teohnlque  that  there  are 
in  the  Eighth  nerve  quite  a number  of  fibers  in  nhioh  the 
impulse  discharge  oannnt  be  modified  by  soimd  stimuli « 

These  spontaneous  dlsoharges  can  be  olassified  into  the 
following  throe  types i 

(1)  Regular  spontaneous  discharge# 
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(2)  Irregular  spontaneous  diaoharga^  and 


(3)  Injury  dlsoherge* 


The  frequency  of  regular  apontanooua  discharges  was 
generally  between  30  and  ^0  par  sac*  (Pig#  3?  The 


internal  between  impi^ses  was  more  constant  whan  the  fro'* 


quenoy  was  highoi**  This  typo  of  spontaneous  dlscharg® 


was  slightly  lass  common  than  tlie  Irregular  type® 


In  Irragular  apontaridoue  dischargee®  the  interval 


between  the  auooaoaive  impulses  in  one  fiber  varied  often 
from  1 to  1}.0  maac*  The  total  number  of  ln?>ulsoa  dlaohargod 


in  a seccrid  varied  from  10  up  to  almost  100,.  The  dis- 


charge was  arblti’arily  considerod  irregular  if  there  was 


a maslmun  variation  of  as  much  as  3 to  1 in  the  Intervals 


between  irapulaoa®  For  frequencies  of  dj.sohargo  less  tfion 
30  per  sec«®  the  division  between  regular  and  irrogular 


discharges  v/as  not  clear® 


Record  R in  Pig*  3 en  ©xan^lo  of  a higIx«»frequcnoy 


Irregular  discharge®  1519  shortest  intarvi?ls  between 
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iiopiilsos  ope  about  1 maeo*  Slnoe  the  abaolutaly  refractory 
period  of  a nej?vs  fiber  is  approximately  equal  to  the 
splka*duration  (2»  18}  a spike  should  and  always  before 


the  start  of  the  next  spika^  but  because  of  the  oapaoity 
aex*css  the  wall  of  the  glass  eapillary  ndoroeleotroda^  whleh 
lengthens  the  felling  i^tase  of  the  reeoirded  potential^  two 


spikes  following  closely  one  after  another  give  a false 


iaq;>res8ion  of  a summation  of  two  spikes* 


An  injury  disoharge  is  initiated  by  the  appearance  of 


a resting  potential  in  the  ctloroele strode*  The  frequency 
at  the  beginning  of  the  injury  discharge  nay  be  as  high  as 
300  per  seo  or  slightly  more*  but  it  generally  dies  away 


fairly  rapidly*  Ihis  type  of  disoharge  usually  ceases 


before  its  frequency  falls  below  100  per  seo*  In  fibers 
in  whl.ch  a low^froquenoy  spontoneoiu  disoharge  was  recorded 
before  the  appearance  of  a resting  potential  short  bursts 
of  (Injury)  disohargos  often  occurred  poriodioally« 
apparently  following  the  arriwal  of  each  (afferent)  inpulsa 
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at  the  site  of  the  iiajiiry  by  the  mloroeleotrode* 

In  Pig*  3G»  so/ne  of  the  splkoa  following  the  appsaj?- 
anco  of  the  roatlng  potential  are  pi-obahly  those  induced 
by  the  injixpy  ourrent^  but  it  is  difficult  to  tell  exactly 
how  many  of  them  are  du©  to  injury  in  this  case*  In  Fig* 

3D*  the  epikas  induced  by  injta^  are  sll^^tly  larger  than 
the  epcntanoous  in5>uls®s  recorded  bafore  the  beginning  of 
the  resting  potential*  P5.gin?©  3E  shows  the  progressive 
change  in  the  size  and  in  the  aiiape  of  the  rising  pliaso  of 
the  spikes  indiicod  by  injury#  During  the  brief  cessation 
of  diachargo  in  this  record*  small  elevations  are  seen 
which  suggest  non-propagated  responses  at  the  node  of 
Hanvler  close  to  the  injus:*ed  spot#  Since*  however*  a micro- 
electrode  can  pick  up  action  potentials  siaraltaneously 
from  two  different  fibers  in  one  nex*ve  trunk  (19)*  the 
possibility  that  those  elevations  are  duo  to  in5>ulses  in  a 
neighboring  fiber  can  not  be  ascludodo 


I .1^ 
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The  phyalologloal  el gnlfi canoe  of  the  epontaneoue 
dlsohai^gee  le  not  oleax**  It  ia  not  passible  to  distinguish 
between  afferent  and  efferent  impulses  by  looking  at  our 
aeoillogresu*  Spontaneous  dlsohnrges  of  impulses  wez»e 
observed  In  all  the  animals  examined*  We  identify  these 
inq>vilses  as  "spontaneous"  and  not  due  to  injury  beeause 
they  api)eared  without  ^o  appearanoe  of  a (DC)  rssting 
potential* 

It  is  my  iit^ression  uhat  most  of  tho  non*auditory 
nerve  fibers  that  carry  spontaneous  Impulses  a:i>e  looated 
in  a oompact  bundle*  When  the  nicrooleotrode  is  pushed 
into  a partleular  region  in  the  nerve»  the  noise  level  of 
the  oseillograph  line  goes  utp  and  apontaneous  dischargee 
which  can  not  be  modified  by  sounds  ere  recorded  frcna 
many  fibers  in  t^s  locality*  It  seems  likely  that  tho 
sdoroeloe  brode  was  puahed  into  tho  vostibular  branch  of 
the  Eighth  nerve  in  those  oases*  It  is  also  possible  that 

i 

! 


-t* 
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thaee  flbe3*s  belons  to  tha  (©fforont?)  bundla  of  Rasmussen 
larhlch  is  Imovm  to  survlva  tha  dogonaratlon  of  tho 
afferent  fibora  whi.oh  ooctvrs  after  o^qjosure  of  th©  ©ar  to 
loud  sounds a 

Spontaneous  diBcharses  wore  present  also  in  auditory 
narve  fibers  which  did  respond  to  sound  stimuli*  Moat  of 
chose  afferent  fibers  showed  only  occasional  spontaneous 
Impulses,  but  in  some  fibers  there  were  many*  In  those 
fibers  with  a hlch*frequonoy  spontaneous  discliarc©,  the 
effect  of  an  applied  sound  was  often  partly  obscured  by  the 
baokcround  activity,  but  throughout  the  entire  coui»s©  of 
the  present  experiments  spontaneous  discharges  of  impulses 
wore  never  inhibited  by  applied  sound  stimuli*  This  is 
one  of  the  important  differoncos  between  tho  primary  and 
secondary  neurons  in  tha  audi  tory  eystesi* 

Heaponses  to  short  tojiTo  p.lp3*  k low-froquency 
ton©  pip  is  the  best  etlmulns  for  eliciting  afferent 
InpulsGS  in  the  auditory  nsrr’e  (22)*  It  can  excite  any 
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aoouatio  narvo  Tiber  if  it  la  strong  enough*  In  reaponse 
to  a 500  op8«  tone  pip  tsc  or  three  icQ^uXaoa  uaually 
c^n>oared  at  the  eaq>eeted  interval  of  approximately  2 zneee* 
Three  examplea  are  preaented  in  Fig*  1|.*  In  thaae  a?^rl«* 
nenta  the  laiorophonio  reaponaea  of  the  baaal  turn  and  aotion 
potent!  ala  of  the  «h  ,le  nerve  wore  recorded  aimultaneoualy 
Kith  the  aingle«fiber  reaponaea* 

The  miorophonlo  and  the  vhole-»nerve  reaponaea  alvaya 
ahorred  a relatively  stable  configuration*  Bapecially  at 
high  sound  inteneltiea  most  of  the  reeponaeo  to  those 
pipe*  x^epeated  at  a rate  of  6 to  3 per  sec**  looked  ao 
similar  ^at  only  one  exan^le  of  each  is  presented  in  the 
figure*  Slxvglo  fiber  reaponaea  shoved*  on  the  contrary* 
enormous  variationa  in  labanoy  and  in  the  effeetivenesa  of 
the  stimulus s In  most  oases  8lngle*»fib6r  apikoa  tended  to 
appear  at  or  slightly  after  the  peaks  of  the  vhole*nerve 
responses*  but  very  often  they  failed  to  api>ear  at  all  at 
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tho  €»5:qp6cted  moments#  Pupth3i*tiOx*e|.  when  the  soxmd  intenaltjr 
W’«U3  not  very  high  single^-l'lber*  raoponses  appeared  only  one® 
in  resporuae  to  ovory  two  or  three  pips* 

Sinea  all  the  fiber*  eKKinlriad  vjora  fomd  to  show  these 
erratiii  responses  to  a given  tone  pip»  it  is  door  tiiat 
the  elpjs  of  a whole  nerve  responao  is  determined  primarily 
by  the  probability?:  of  tho  auditory  nerve  fibers  responding 
to  each  cyolo  of  the  sound  wave®  'Ihe  difforence  in  latency 
among  different  fibers^  however^  coir^jlicatos  this  kind  of 
argument# 

With  1000  cpf3  ton©  plpa  3lngle»flber  reeponscs  also 
shCTfed  a definite  tendency  to  appeax*  at  the  frequency  of 
the  applied  sound  vmvos®  Ifesre  again  many  of  single  fiber 
spikes  were;  seen  to  start  at  tho  peak  or  In  the  felling 
phase  of  each  v/hole-norvo  reeponse#  Tho  pi»cbabiilty  of 
obtaining  a spike  at  this  memont  Increased  dlreotly  with 
the  siao  of  tho  observed  whole^norvo  rospons®#  It  has  been 
8hcv/n  previously  (5)  that  at  this  fz^aqueacy  tbs  v/hoXe»norv© 
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x^sponaos  tend  to  appear  at  the  frequency  of  the  applied 
sound* 

Strong  hl^ofrequenoy  tone  pips  are  adequate  for 
measurling  the  time  interval  between  the  start  of  the  mloro- 
phonie  reepcHise  and  the  start  of  the  whole*i^erve  response 
(5*10) • With  strong  8000  ops*  tone  pips.  It  was  found  that 
the  latency  of  single^flber  responses  was  not  constant  but 
varied  considerably  from  pip  to  pip  (pips  repeated  at  a 
rate  of  7 to  8 per  sec*)*  A fiber  which  has  responded  to 
a pip  with  double  spikes  at  a relatively  short  latency  may 
x^spond  to  the  next  pip  of  the  sane  intensity  with  a 
single  spike  at  a long  latonoy  or  oven  with  no  spike  at 
all  (Fig*  5)*  The  whole«nerve  responses,  whioh  were  re<* 
oox^d  with  a pair  of  small  meteCL  wire  electrodes  inserted 
in  the  basal  turn,  showed  praotioally  uo  fluctuation  of 
amplitude  or  latency  at  this  intensity* 

The  time  inteirval  between  the  start  of  the  itdorophonio 
response  and  the  earliest  single-fiber  response  measured 
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with  strong  8000  opo*  tone  pipe  varied  among  different 

fibors  from  X*1  to  13  nsec#  Xho  latency  foi»  the  peak  of 

tii^  tThoi©  nerve  rc#jponae  at  this  sovnd  level  we.3  very  close 
•5 

to  1 ng©c»  (see  Goldstein  (9))t 

At  8000  ops«  it  le  Icipoealbl©  for  individual  fibers 
to  follow  the  frequency  of  the  applied  sound  booauso  of 
the  rofrootorlness  of  the  fibers*  It  is  kno*.™  that  euoh 
a higli“frequoncy  pip  induces  I'anorally  fcwog  sometimes  tlirec, 
v/holo-noinrs  spikes  approiirv>tely  1 nsec  apart  {$)  (see 
Pigs-  5‘  and  6)*  Singlc-f.lbei*  responses  wore  fomd  to  8hoW|» 

I 

: aa  in  tho  case  of  low-freqiu5ncy  tono  pipsj,  a tendency  to 

appear  at  the  peak  or  in  the  falling  phase  of  the  v/hole- 
noi»ve  spikes*  The  vai»labllifcy  .in  tho  latoncy  vmsj;  however^ 
far  greater  with  these  hlgh«-frcq^l©ncy  pips  than  with  low- 
frequoucy  pips?  tiiis  accounts  for  the  fact  that  a wliol©«* 

I norvo  roapons©  to  an.  8000  epe#  pip  sho'^s  less  steep  rising 

and  falling  pheson  uhan  e.  reapona©  to  a 50^  c»3S*  pip» 

I 
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Tbc  second  peak  in  the  viholewnervo  ro.eponae  to  an  8000 
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ops*  t.-AO  pip  l8  called  the  ”K2*r«»Ponso* " and  has  of  tea 
hee^  attributed  to  the  8ooondax*2r  neurons  In  the  eoehlear 
r.ioleu8*  But  She  pritaary  neurons  in  the  auditory  system 
tend  to  respond  to  an  8000  ops*  pip  uith  double^  sometiises 
triple#  spik<)8t  and  our  records  shov  a parallelism  'between 
the  Bi.ze  of  r.he  lT2->re8ponae  from  the  whole  norve  and  the 


probability  of  obtaining  double  responaos  from  single 


fibers*  In  the  ejtperiment  of  Pig*  5#  for  exaii9>le#  the 


K2«*response  was  arnall#  and  double  responses  were  observed 


in  only  five  oases  out  of  17  successive  stimulations* 


(Note  also  the  variation  in  the  latency  of  the  seoond 


spike*)  In  the  example  of  Fig*  6#  the  N2’*r9sponse  was 
large  and  repetitive  discharges  wore  very  frequently  obsei?vod* 
The  major  portion  of  the  N2*response  therefore  seems  to 
represent  the  repetitive  responaos  in  the  primary  nenrons* 


and  not  responses  in  the  secondary  neurons* 


A few  records  were  made  of  single«fiber  responses  to 


olioks*  The  loudspealcer  used  for  this  purpose  (Atlas 
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PM»2^  couplod  to  175  oni#  of  £;ai»cien  lioae)  shov/i^d  a ehai*p 

peaonaucQ  at  approximately  6000  eps*  The  ahortoot  latenoy- 

of  the  singlewflbor  roaponsee  to  tblo  oliok  did  not  aoom 

to  oi.ffer  from  that  to  an  QOOO  ope  pip* 

RoeponBo  to  pur©  tOK€3i»  On  tti©  individual  cell® 

bodies  in  the  oochloar  nuoleusp  Galambos  and  Davis  (9) 

Inveatigatod  tha  pliaae  relation  botvTeen  tho  somid  wav©  and 

the  ra-^ponsoti  of  eingXo  elements*  r/e  have  mado  slmllcu’ 

cbciarvr.fciona  on.  individual  cochloar  nerve  il-bers  at  geveral 

> 

difforent  froquenolea?  Two  examples  of  tlis  rocorde  obtained 
at  1000  ops*  are  prosonted  in  Pig*  ?• 

In  those  experimonta  the  sourid  v/ave  C picked  up  with  a 
dynamic-:  Bjlorophon©)  and  the  £ingle«f iber  roeponuoa  'Tor® 
recorded  si  -’iltaneoiisly  with  two  osoillographs*  Tha 


oscillograph  Xinofi  were  triggored  by  the  output  of  tiv© 
auc.i<>=o3oir.lator  dpivisig  the  loudspeaker-  thus  giving  a 
stundixig  pi ou tu.ro  of  tv'^o  or  three  full  of  the 


sound  V.  avo  on  the  oscillograph  3cr.->ctm* 


Ti;>e  intonaity  of 
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the  sound  vsa  spproacimately  I4.0  to  db  above  the  nomoal 
human  tbpeehold*  The  mlcroalootrode  was  pushed  Into  tdie 
auditory  nerve  while  the  sound  wave  was  being  applied  throu^ 
the  opening  of  the  bulla  of  the  animal* 

For  fpequonoies  lower  than  2000  ops  it  was  poseible 
to  z^oord  single  fiber  responses  which  tended  to  appear  at 
approximately  the  same  point  in  the  oyclos  of  the  stinu* 
lating  sound*  In  other  words^  the  interval  between  these 
spikes  showed  a tendency  to  be  e.ome  integral  multiple  of 
the  period  of  the  applied  sound  wave*  There  were  also 
many  oases  In  which  this  tendency  was  not  clear  at  all* 

In  such  oassa  the  mioroeleotrode  was  probably  pushed  into 
non*auditory  nerve  fibers  or*  in  some  other  oases*  spontaneous 
afferent  5.npulses  may  have  masked  the  Impulses  induced  by 
the  sound  stimuli* 

For  consideration  of  the  initiation  of  nerve  impulses 
in  the  cochlea  the  relationship  between  the  phase  of  the 
ooc'nlear  nlorophonlc  and  tho  start  of  the  slnglo»flber 
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apikec  la  Is^ortont*  Thla  V7as  investigated  by  recozKilng 


tho  mlcrophonlo  responaea  of  the  basal  tm*n.  together  with 


the  slngle-flber  responseae  The  stinxili  wore  not  single 


sinuooidal  w&veaj  inatead  their  amplitudo  was  slowly  in- 
opcaeed  by  moans  of  the  olootronio  gate*  This  was  done  to 
increase  tha  probability  of  getting  a response  in  one 
cycle  by  avoiding  adaptation  (which  progressively  decreases 
this  probability  during  the  aotlon  of  a contimioue  sound 
wave)*  The  sweep  of  the  oscillograph  beams  was  triggered 
by  tha  output  of  the  eudio-^oeoili&tor  ahead  of  the  amplitude* 


modulation  by  the  gats,  giving  on  ths  scraens  of  tha 


oscillcgraplis  a standing  sinusoidal  wave  of  slowly  In- 


creasing ar/?>lltudo*  In  order  to  saparate  the  individual 


sweopSj  the  figures  on  tha  scrosn  ?;ore  photographed  with 


a running  film* 


At  & frequency  of  about  ?.90  ops  aing^.e-flbex*  spikes 


appeared  in  all  of  the  els  oases  esjamlned  to^'sipd  the  end 


of  the  negative  phase  of  the  mlcrophonlc  wave  (!♦©*  th© 
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potential  of  the  fluid  In  aoela  veatibuli  of  the  baeal  turn 
was  lower  than  that  in  soaXa  tyinpani)*  In  other  vorda^ 
single^fiber  spikes  recorded  at  the  position  of  the  hole 
in  Pig*  1 tended  to  appear  during  the  period  between  -Tr/lf. 
and  sero  of  the  sinusoid  of  the  niorophonle  wave  recorded 
from  soala  veatibuli*  The  start  of  the  spikes  depended 
slightl7  on  the  intensity  of  the  sound;  hl{^er  the  in<» 
tensity  the  shorter  was  the  latency*  But  this  shift  by  a 
graudsl  change  in  the  intensity  was  generally  within  the 
range  of 'tr/k-  ?adiem  at  this  low  freq\u»noy  (see  Pig*  8)« 

SlmXl»is>  observatione  were  made  at  frequency  of  ^00  eps* 
Out  of  22  different  fibers  on  three  different  animals  12 
fibers  showed  a tendency  to  respond  between  0 and  tt/2 
(namely  in  the  positive  rising  phase  of  the  microphonlc 
response  in  soala  vestlbuli  of  the  basal  tum)»  three 
fibers  between  Tf/2  and  ■»?>  three  fibers  bo  tween  ^and 
3n/2  and  the  reiaalning  ft%a  flboM  between  3u/2  and  0 
(very  close  to  zero  In  three  oases)* 
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A few  trials  wore  mc;d©  with  2000  cps«  tones#  Although 
thor«  was  souse  tendonoy  for  tha  impulses  io  start  at  a ^ 

definite  phase  of  the  aoimd  wave*  the  reaxjita  woro  not  very 
clear  hooauaof  at  this  fraquoacy,  one  cyole  of  tha  sound 
wave  vrtiK  too  short  as  oor.pai»od  with  the  variability  In 
latency  of  the  spikes*  Ihe  experiment  v?aa  not  tried  at 

4000  OP  8000  ops*  I 

I 

6*i  Nerve  imnulsas  atarting  in  different  pavta  of  tha  I 

coohleg*  In  this  series  of  oxparii!ii?ntB  th©  sound  Btimull 

• , I 

w©r«  a train  of  tone  pipe  the  freqiiency  of  which  was  j 

i 

changed  gradually  from  appro3dmately  ^00  to  90OO  cps*  !Fh9  j 

! 

pips  were  repeated  at  a rate  of  seven  to  20  per  30c t | 

w'ithin  a pip  the  amplitude  of  the  modulated  wave  was  inoraaeed 

1 

and  decreased  by  means  of  the  olootxHsnio  gat©  approximately  ' j 

exponontiallya  the  tlmo*f*onataat  of  the  an5)litude«lnor®&ae 

being  j.n  most  oases  about  15  maoo*  and  that  of  the 

amplltudo-*docreaae  about  5 msec.  The  intensity  of  the  pips 

wae  in  general  50  to  70  db  above  the  human  threshold  in 

th©  room* 


r 


• 30  - 

In  Fig*  10  are  presented  reaponsea  of  four  difforcnt 
nerve  fibaps  In  the  modiolua  obtained  from  one  and  the 
ease  aniofil  tmder  oonetant  ei^>erinental  oondltions*  In 
oanjr  fibera  z*eaponaea  to  aound  stimuli  were  fotmd  to  appear 
in  a llmltsd  range  of  fMquenojr^  limited  only  on  the  high* 
frtquanoy  side  in  the  range  employed*  From  this  one  animal 
raaponsea  from  30  different  fibera  were  recorded*  Among 
those  30  fibera*  12  fibers  responded  to  all  frequencies 
between  $00  and  dOOO  ops**  nine  fibers  showed  an  tapper 
limiting  frequency  between  I^OOO  sjid  7000  ops**  seven 
fibers  between  3000  and  1000  ops*  and  the  remaining  two 
fibers  had  their  limiting  frequencies  between  500  and  1000 
ops*  At  this  intensity  of  stimulating  sound  no  fiber  wss 
encountered  for  which  the  response  was  limited  on  both  the 
lower  and  the  higher  sides* 

This  type  of  63q>erimont  was  done  on  more  than.  150 
diffsrant  fibers  from  eight  suooessfully  operated  animals 
with  pips  of  different  shapes  and  different  j?epetltlon  rates* 


In  all  tho  anltaala  except  the  one  tnentlonod  above  moro  than 


50  per  cent  o"  the  fibers  ex£*rd.no«i  were  found  to  respond 
to  any  frequency  i,>ot;v/oen  ^00  and  3000  epa*  In  ono  parti cu<» 
lar  all  of  tho  26  fibera  eiouiiinsd  shovied  un.Tnista's??'ble 

reapon:;as  to  all  tho  froquone5.Ga  er-ployed* 

in  no  doubt  tbe.t  tho  baeal  turn  is  tiio  only  place 
in  tho  coohioa  wlilch  responds  to  Mch- frequency  tones 
(efe  21) a V/liolo*norve  action  potontlals  Induced  by  a 
hijThL-froquQUGy  tono  pip  cro  modified  stronel/y  by  applica- 
tion of  KOI  or  polaricinf,  cm>r©nt  evon  v/hon  tho  action  is 
liriltod  to  tho  basal  turn  (22)  a V/o  should  thcrofore  ascribe 
ajj.  tho  rosponst.'s  to  liiGh-fro^qxienoy  aounda  (abovo  say 
7000  cps*)  to  fibers  arlsinc  in  tho  basal  tur-n.  of  the 
cochloa*  But  tii-Oa©  suets  fibora  wore  found  to  vospond  also 
to  low-froquoncy  tone  pips  (see  fibers  D in  Fis»  IC^)® 

Roeont  experiments  by  Bolcasy  (3)  and  a sci^ies  of 


oxpsricients  frora  this  Inffcifcuts  {2I3  22)  have  prov^ad  bayoad 
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any  doubt  that  the  apical  part  of  the  cochlea  reaponds  only 
to  lov*frequanoy  tonoe*  In  a prollmlnary  exporlaunt^  it 
naii  denonstratod  that  v^hen  the  train  of  tone  pips  ('used 
in  tlie  o3(perlr>(ent  of  Fig*  10)  was  applied  to  the  cochlea^ 
only  ttio  tone  pips  of  below  2000  opa  gonoratod  mlorophonio 
xNiaponaea  in  the  apical  one*flfth  of  the  cochlea*  Thus 
it  is  clear  that  thofie  flbera  for  which  the  responsea  are 
limited  to  the  low«frequency  range  (fiber  A in  Fig*  10) 

Buat  arise  in  the  apical  part  of  the  ooohloa*  It  follows ^ 
from  the  aame  type  of  argtoaent«  that  those  fibers  having 
their  limiting  frequonctoa  in  th®  nf.ddle-frequenoy  range 
(fibor  B and  c)  originate  from  the  nerve  endings  in  ttie 
mlddlo  part  of  the  eoohloa*  The  limiting  frequency  of  a 
nerve  fiber  never  changed  ditring  the  oourae  of  an  experi* 
ment*  Aa  wo  shall  see  lator^  it  depends  only  slightly  on 
the  intensity  of  the  tones* 

7*  Threshold  intensity  as  a funetion  of  frequency* 

For  secondary  neurons*  Galaxnbos  and  Davis  (9)  were  able 


m 
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to  moaciu?6  the  threshold  Intensity  as  a function  of  frequency* 
lliQ  direct  method  used  by  tlioao  ar*.i;hors*  however t did  not 
seem  to  be  applicable  to  the  norvo  fiboro  in  tho  )odiolus« 
Beoatise  of  tho  liicl^y  yarlablo  character  of  tho  alnclo-flber 
responses^  nsxuiy  testa  are  needed  to  clotcrininc  the  tliroehold 
for  oven  ono  frequencys  end  it  is  difficult  to  keep  a 
nicroolectrodc  in  ono  nervo  fiber  for  a period  longer  than 
about  10  Bcc« 

One  method  tested  in  tm  attempt  to  ncasuro  threshold 
for  a singlo-norvG  fiber  at  different  fraquoncieo  was  to 
uss  a series  of  pips  of  fixed  frequency  but  slowly  Incrouainc 
intensity®  and  to  determine  the  sound  prossuro  v/hen  the 
first  responses  occurredo  It  was  expected  that  a fiber 
would  respond  ovory  time  as  soon  as  a certain  tixcosiaold 
intensity  had  been  reached*  But  actual  trials  ehowad  that 
this  method  is  entirely  inadequate  bocauso  of  the  groat 
variability  5n  tho  Intunaity  at  which  tho  first  response 
appoaroda 
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A batter  metho«i  was,  using  the  arrangements  for  ths 


•3QMrlmcnt  of  Fig*  10,  to  change  t^o  intensity  level  by 


steps  snd  to  examine  crhole  pattern  of  responses  to 


pips  of  varying  frequency*  On  a few  favorable  occasions 


it  was  possible  to  record  responses  from  the  sat'ie  fiber 


for  a period  lon^or  than  10  see*  ?liis  period  vas  long 


enough  to  record  the  responses  to  tone  pips  of  about  10 
different  frequencies  at  several  different  intensity  levels^ 
because  the  timo  required  for  the  automatically  inoreosiiiG 
frequency  to  change  from  ^00  to  9000  ops*  iras  in  general 


only  0*5  to  0*7  see* 


This  method  shoved  that  at  lov  intensities  some  fibers 


respond  to  tones  in  a limited  frequency  range*  limited 
on  both  the  high  and  the  low  frequency  sides*  The  tq>per 


frequency  limit  was  not  infl'usncod  appreciably  by  the  sound 


intensity*  but  the  lover  limit  depended  strongly  upon  tkim 


intensity  level  of  the  tones* 


Ths  dotted  curve  shown  in  Fig*  11  was  constructed*  from 
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the  action  potential  rooorda  of  a singlo  flbop^  In  which  a 
xnlcrooloctrodo  stayed  fox*  nor*e  thaix  100  soc«#  by  connootlng 
the  fx*©ciuoncy  liviits  at  different,  sound  levels*  This 
ctipvo  roproaonts  the  boundax*y  of  tho  "rosponse-anea” 

(ee©  DaXanboa  and  Davla  (9))  and  ©3q>x*©aE©s  tho  relation-* 
ship  botp/oea  tho  frequency  and  intensity  of  pips  which 
Just  oxcltod  tills  portioxilaa?  nerve  fiber-* 

The  cxtrenc  steepnoas  of  the  curve  on  the  liloh-*fr©quoncy 
oldo  is  certainly  eonparablo  to  tiio  corresponding  pai*t 
of  OalaiboG  and  Pavis^a  curves  for  the  socondary  noxvon# 

It  indicates  v/lthout  doubt  that  at  a glvon  spot  in  tho 
cochlea  the  tnociiaulcal  vibration  of  tiie  coohloar  partition 
becomes  suddenly  very  small  when  tlio  froquonoy  Is  In- 
oraased  above  a oortoln  litolt  which  ia  oharactoristio  of 
the  position  in  the  cochlea*  Tho  preaonco  of  auch  a ’’cut- 
off frequency”  at  each  pl&c©  in  the  cochloa  iias  bean 
demonstrated  by  Bekasy  (3)  who  observed  tho  uecbanical 


displaconient  of  tho  partltdon  (on  dead  ani;na3.a)  snd  also 
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by  Toaaki^  Davis  and  Logoulx  (21)  who  cioasiured  the  oooblear 
roiopophonios  at  dlffox^nt  plaeea  in  the  oooiilea* 

The  - p.idual  oliaiiti©  in  ti^es'.iold  on  the  low  froquonoy 
side  of  the  curve  in  Pic*  H is  vor*y  different  from  the 
corresponding;  part  of  tiio  curve  obtained  for  the  ooclolear 
niifiletiB  by  Golamboa  and  DavlB  (9)*  The  prooess  of  In* 
hlbitiont  v/tiioh  has  been  domonstr&tod  by  Cralombos  (6}  in 
the  ooohloer  nucleus*  socno  to  be  the  main  cause  of  the 
difference  between  the  resi>onse*aroaB  of  tlio  primary  and 
the  oooondory  neurons*  The  iniiibitlon  in  question  must 
occur  in  the  cochlear  nucleus  because^  as  noted  in  Gootion 
3»  v;e  never  detected  any  indication  of  inlubition  by  tones 
or  pips  of  the  spontaneous  discharge  in  prlnnx*y  neurons  of 
the  auditory  syston* 

It  should  be  pointed  out  in  this  connection  that  the 
slope  of  tlio  curve  in  Pig*  11  depends  to  some  extent  on 
the  method  of  prosonting  the  sound  stimuli  bo  the  animal* 
Tbs  dynamic  iidorophono  placed  near  t!ie  lioad  of  the  animal 
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moaauFcd  the  somd  presiinapo  In  the  field  to  vrldcli  tb.o  onimol 
v;aa  exposed,  Dut*  tho  ‘\otw.al  pi*esom*o  vrhlch  clrlvea  the 
oval  vr5.ndow  la  nodlfiod  hj  tho  i»os  nance  of  tho  hwlla  and 
by  tho  dynainioa  of  tho  niddle  ear*  Aooii-nulntion  of  a snail 
onoiint  of  fluid  on  tho  innep  aide  of  tho  t.'/ryjanJ.o  nenbrone 
can  iraiso  tJio  threshold  for  low-frequonoy  aounds  norc  than 
20  db  without  affecting  the  tlu^eahold  for  Iiigli  fraquonoiCBo 
In.  spite  of  theae  eompllcatlonss  howovor,  it  seens  safo  to 
conclude  tliat  tho  curve  rolating  frequency  and  tiaroshold 
intensity  for  an  auditory  norvo  fiber  in  tho  nodlolus 
consists  of  two  parts,  ono  a gradt-ftl  fall  in  tliroaliold 
vd.th  Increasing  frequency  and  tho  other  a sharp  rise  in 
throaliold  for  froquencioe  above  a certain  frequenoy*  Tlia 
frequency  at  which  tho  threshold  shov/a  a rough  ininirauKi  is 
a function  of  trxo  position  of  tho  nerve  endings  in  tho 
Gochlea* 

Aecording  to  Uie  results  of  rceaourerKants  of  the 
amplitude  of  the  wicrophenio  responsoB  as  a funoblon  of 
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froqiidricy  at  dliTeront  places  in  the  cochlea  (21)^  this 

position  of  the  ninlnun  tliroshold  for  a Given  frequonoy  i 

should  be  in  the  x»oslon  of  tho  oooliloa  wlxore  the  vlbratim 

of  t'lie  coo’.iloar  partition  la^s  bolilnd  tltal  noor  the  round 

v/indow  by  0«5  to  1 oyole  of  tho  sinusoidal  wave#  In  a 

i 

series  of  e:cporlment8  sinllar  to  tluit  of  Fi{;«  2*  it  lias 
been  shown  tho.t  nenr  tho  frequency  at  which  the  Micro- 

5 

i 

1 

phonic  response  fron  on  upper  nort  of  tho  coo' ilea  lacs 
bolilnd  th-at  from  the  round  window  by  one  full  cycle 
( approx' -^toly  1 ho*  at  tho  third  turn*  as  can  be  soon 
In  tlio  fi,  uro)  tlio  a <plltudo  of  bho  :rdoroplionlc  rosp  .noo 
froc;  tlio  upper  part  begins  to  fall  off  rapidly  wltix  In- 
croaoinc  frequency* 

In  the  experiment  of  Fig*  2 the  sound  prossixre  was 
decreased  gradually  with  increasing  froqtioncy  in  order  to 
Icaen  tho  basal  turn  microphonio  at  a constant  level*  If» 
on  tho  oontrax*7*  the  sound  preasuro  outside  tho  animal  Is 

i 

I 

held  constant  at  different  froq>  enoiea*  as  it  was  approximately 
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in  all  otiior  oxper*irr»nts  doscribod  in  this  paper,  the 
mierophonlo  responses  for  hl2ti.«frequonc7  tones  e .onid 
bs  slightly  accontuatod  on  tho  hlf"h« frequency  side*  In 
other*  words,  undor  tho  conditions  of  t’lo  pros  nt  e:oori» 
inents  tho  snlcronhonle  rosponso  at  a clvon  spot  in  tho 
cochloa  incrcasos  ;.radually  with  incroaain;j;  froquoncy, 
reaches  a rou^;!!  ^inxinnrd,  and  finally,  at  the  cut-off 
froqT^ncy,  bocins  bo  fall  off  rapidly  as  1-,he  frequency  is 
increased  fra?t  ior« 

The  tliroshold-frcquoncy  curve,  therefore,  reflects 
directly  tho  air.o  of  tho  ’nleroohonic  response  at  each 
froqticncy.  This  conclusion  ylvca  a strong  o->-pport  to  t’-.o 
view  that  the  mierophonlo  T’osponses  are  tho  direct  stimu- 
la  tins  af'ont  for  the  auditory  nerve  endings  (’.'.'evor  {23)j 
Davis,  Tasold.  and  Coldsteln  (7))«  Considering  tlie  results 
of  DeicQsy’o  direct  observation  on  the  displacement  of  the 
cochlear  partition  (3)#  it  ni edit  be  inferred  further  that 
in  tho  basal  burn  low-l‘i*oquency  tones  cause  vary  small 
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dlBplaoonontSt  far  smallor  than  In  tho  upper  tums»  but 
the  oxoltatory  effect  of  tills  sriull  displaconont  upon 
tho  iiair  colXa  and  tho  nerve  ctA'nisa  la  only  oll£3htly 
sraaller  than  its  ©ffoot  in  tho  upper  part  of  the  oociiloa# 
G*  Pllph  and  lotf  tnreahold  flbore^  Durlni“  the  oourse 
Of  oxnorlnenta  nlth  tone  pips  of  chani^ini;  froquoncy*  it 
v&s  soiTiotlnos  noticed  that  Bome  fibers  respond  to  a pip 
with  a very  small  nunbor  of  afforont  lr;pulsoo  wlillo  in 
many  other  fibers  tho  same  pip  ollclts  a lore©  numbor  of 
Bplhoo*  An  oxoi’plo  of  ouoh  roaulto  io  proaontod  in 
Pis*  12*  All  these  rooords  v/oro  token  from  one  and  tho 
oano  oninol  under  constant  osqiorinontal  cc-'nAition&* 

In  this  particular  animal  all  of  tho  26  different 
auditory  nox^o  fibers  examinod  responded  to  all  the  fro- 
quonoios  botroen  $00  and  9000  ops*  at  tlio  sound  lovol  of 
80  to  105  db  above  0.0002  nlcrobar*  Tlie  rooordins  micro- 
olcetrodo  was  apparently  always  puoliod  Into  tho  b;  ndlo  of 


norvo  fibers  aid. sing  in  tho  basal  tiu»n*  Arionc  26  fibers^ 
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oi(^t  ribora  raspondod  prf.th  an  average  nurabes*  of  0„0  to  2#0 
Impulaos  to  a pip*  ono  flboj?  with  3*^  inpulsoa  per  pip  and 
the  j.'onainin{3  17  flbora  reapondod  with  lj.,0  to  6,2  ImpTilsoa 
per  ?lp.  This  result  a\m  este  that  fibora  i'vom  the  basal 
t^irn  consist  of  two  typoe*  osio  with  lilch  threshold  and 
tho  other  with  low  threshold*  The  difforonco  In  excitability 
ar.^ong  these  fibers  are  not  due  to  the  variation  in  tho 
condition  of  the  fiber  because  the  avsraf^e  atsmbsr  of  Iru'* 
pulsoe  J.n  roa]<on3-a  to  a pip  lid  not  chance  as  lone  as  a 
itticroeiootrode  stayed  in  tho  Bar.o  f'bor,  Fibers  v/itli 
different  excitability  wore  eneoinitorod  during:  tho  coirrs© 
of  an  experiment  in  randcmi  order*  Hide  excludes  the  posai- 
bill  by  that  tho  di£Tox»onco  in  excitability  was  due  to  & 
procresaivo  change  in  tho  condition  of  the  aninal, 

A very  reaacnablG  e,;i:.planation  for  this  difforonco  in 
r«5sponso,  eu;;  gestad  by  liallowoli  haviSa  follows; 

The  iov;  fci-srcsb.old  fibers  n^ay  be  tiioso  ariaing  from  tho 
external  hiiir  cells  and  the  .Igh  throoiiold  fibers  these 


m 'T'v 
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It  ia  ’mown  (seo 
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innopvatinc  tho  In'GOi’nal  hair*  oolls* 

Darrlo  ob  al.  (’4.) ) that  oxposiire  of  tltO  ^^ivlnoa  pij:  oar  to 
a sound  of  an  appropriate  rilr'li  .'ntonclt:/  doobroyc  only  tlae 
external  Imlr-cells,  loavinc'  the  internal  h&lr  eolls  almost 
int..ct*  It  therefore  sooms  that  the  oxternal  hair  coT7,ri 
are  exposed  to  a creator  vibratory  notion  tbai'i  tho  intoamol 
hair  colls  to  those  for  tho  external  hair  colls  Is  not 
Icnovm  at  present* 

Por  tho  fibers  arising  in  tho  upper  ports  of  tiao 
cochlea  the  dlatl^lCtlon  between  tho  lii^h  and  low  tliroshold 
fibers  was  not  r^cry  clear  duo  to  tho  difficulty  in 
soloctinc  a proper  sound  lovol  to  dononstrate  the  difference 
in  excitability?  by  counting  tlio  nurabor  of  inpuloes*  1 n*» 
lo!?s  tho  sound  '.ntonoity  is  adjusted  to  tho  t uuoaliold  for 
the  fibers  v;ith  lov;or  oxcitabillty,  it  is  dlfficuJLt  to 
demonstrate  tho  difforonce  clearly*  And  for  the  fibers 
cojfnlng  from  the  tipper  part  of  the  cochloa  tho  ctit-off 
fr-oquoncy  greatly  lirdtod  tho  nurtbor  of  obsorvatlons# 


( 

\ 
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It  is  ray  impi'Gssion,  however^  that  & gj’eat  difforetioe  in 

( 

excitability  oxloto  also  amofig  the  nerve  fil  er  arising  in 


the  upper  ports  of  tire  ooohXea* 


5iie  number  of  impulses  induced  by  a tone  pip  increased 


with  increasing  intensity  of  sound,  but  this  dependence 


ims  less  marked  at  higher  intensities#  The  number  of 


impulses  increased  approx  motely  logarithmically  as  the 


sound  pressure#  This  logaritlvaio  law,  which  Adrian 


described  in  1923  (2)  has,  however,  only  a statistical 
meaning  in  the  auditory  system#  Almost  oil  the  afferent 


fibers  show  a tendency  to  diochorg©  impulses  spontaneously 


in  absence  of  any  sound  wave,  indicating  that  the  process 


underlyitig  initiation  of  impulses  at  the  nervo  endings  la 


fluctuating  spontoneously  without  any  external  stimuluse 


Apparently  duo  to  this  spontaneous  variation  in  excitability 
at  the  nor VO  ondlngo,  discharge  of  inpulses  by  a train  of 


tons  pips  of  a constant  intensity  and  a constant  frequency 


fluctiJ.ntoa  from  tima  to  tiriu  in  an  unprodic table  manner# 


(Sec  the  lower  record  in  Pig#  13,  !'•) 


••  » 

Plgiu*e  Ilf  gives  an  uxan^le  ox  t-hls  statistical  loearitli- 
rale  lew  of  diaohnt’gG  in  relation  to  tho  sound  intensity* 

In  this  typo  of  experiment  the  intensity  of  the  tone  pips 
(either  ^00  or  1?000  ops)  was  changed  at  a speed  far  slower 
tlian  tlio  rate  of  rise  and  fall  of  intensity  in  each  pip* 

The  thick  line  in  the  figure  was  drawn  In  accordance  irtth 
the  formula 

£ “ P loged/lp)* 

where  N signifies  the  number  of  lrq>ulsos  induced  by  a pip 
Of  the  duration  D and  Intensity  and  k and  Iq  ai*e  tho 
constants  to  bo  chosen  to  fit  tbo  curve*  This  result 
su:.x,egta>  on  the  basis  of  the  orgu’oenta  stated  elsewiioro 
(Tasald.  (17)  I Sato  (l6})9  that  tho  froquenoy  of  in^ulsos 
Initiated  at  the  endings  is  dofcoi*alnod  the  rolr.blvo  in- 
tensity I/Iq  of  the  stlTnulus  and  by  x»ocovory  from  the 
refraotoriness  at  the  intf.ol  part  of  tho  afferent  fiber* 


Then  the  reoovory  of  oxoltablllty  (j?ooiprocal  of  threshold) 


should  be  £;iven  rouglily  by  the  function  Q^r/t  is  tlTno  and 
_e  -iitie  baoe  of  natural  logori  tlurna ) e The  value  of  k was 
between  5 and  6 rnseo* 

At  $00  cps,  alsOf  the  otflor\«-Qd  relation  between  the 
nunber  of  iiiipulses  and  the  inter  el  ty  of  sound  soened  to 
obey  the  loyarlthmlo  law-  but  the  rosult  was  leas  clear 
at  thir.  frequency  than  at  $000  cpsa  Due  to  teolmical 
difficultiea  other*  proportion;  of  the  fiber's  iieed  for  this 
type  of  ojqporinant  (e»K<»  tiiyoir  origin  in  the  cochlea  and 
theii*  sensitivity  to  aoiuid)  v/oro  not  exaninsd* 

9‘‘-  Adaptation^  Since  the  tino  of  Adrian's  pioneer 
wori:  (1923),  it  is  well  known  that»  in  nairy  oonsorj  poinre 
endinr^j:  under  tlio  action  of  e,  constant  sensory  stiratLuSp 
the  frcq-uency  of  iripuloee  in  an  individual  fiber  decroasee 
pregresslvoly  with  time*  In  individual  auditory  nervo 
fibers  thJ-S  i_;ra:Uial  decrease  in  the  frequency  of  Irpulse 
was  ror,ulnrl7  observed  during:  ths  action  of  a sound  stinvilug  » 


of  a Constant  frequency  and  intensl  ty^  It  v/as  it^  iinpressicri 


quenoloB  and  at  liisher  Intons'tlftSi  But  no  Byateniatlc 


Inveatl ration  was  made  on  tlxese  problems* 


10*  Artea*«»cllfloharf;e*  When  a iwlntlvely  strong  tone 


pip  was  applied  to  the  ear  the  discharge  of  impulsea 
often  continued  for  a short  period  (sometimes  longer  than 


30  maec.)  after  the  end  of  the  pip*  Figure  15  shows  an 


©xaniple*  It  is  imlllrely  that  this  after^dls charge  is 


t 


n{; 


due  to  stimulation  by  echos  in  the  room  (which  might  persist 
for  a short  timo  after  the  end  of  a pip)^  because  the 
sound  lovol  neaeured  with  a dyna-ilc  microphone  placed  near 
tho  head  of  the  animal  was,  toward  the  ond  of  the  after- 
discharge^  more  than  $0  db  below  the  intensity  of  the  pip* 
Since  the  rdcrophonlo  response  recorded  from  the  cochlea 
never  porsiats  more  than  1 to  2 :rsoo*  aftor  the  end  of  the 
applied  soxuid*  tho  af  ter- dl  a charge  is  probnbly  duo  to  a 
persisting  activity  at  the  nerve  endings*  lihe  irregular 
nature  of  tho  af tor-dlschargo  aeoTno  to  exclude  the  possibility 
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that  it  nlrht  ho  due  to  an  Injiipy  oithor  at  the  r-efj,ion  of 
the  ncpve  eridin^ja  or  at  tlio  rccoi’dinG  ralcroeloobrcci©* 

DISCUSSION 

Many  of  the  tmpl3.cationfi  of  tho  reaiilfca  ebtainod  by 
pccordinc  slnclo-flbor  reopoittaGO  from  the  cocshloar  nerve 
have  been  pointed  out  in  t2is  prooeding  sect3.on3«  ?Tc?;ever» 
the  firidinc  that  the  auditory  nerve  fibers  ar.lairig  in  th® 
basal  tiirn  respond  to  rounds  of  eny  audible  frequonoy 
dOGorvoo  further  coiTsment* 

In  previous  papers  (Tasaiti  and  •‘‘ernandoz  (2?)*  Pig,  1}.| 
Tasolcij  DaviB  and  Legouix  (21)^  Pig*  4)  has  boon  shown 
that  a sciall  aiiouuit  of  KCl  solution  i n , rodu.ee d into  the 
apex  of  the  g-alnea  pig  coor.lea  olininatee  tb.o  Mlerophonlo 
rosponEsjb  (to  a low-frequoney  pip)  from  the  apical  regicni 
\7ithout  appreciably  affooblnu  the  aizo  of  the  wiiole-^nerve 
action  potentials#  A stm.iljir  troatriient  of  tho  basal  turn 
with  '^Cl  elirdnated  the  ntijor  portion  of  the  riG.x»uo  responses^ 


I}.8  " 


Apparently  tlie  Icgnilaea  traveling  along  the  fib  ora  from  the 
upper  part  of  tho  oochlea  oonetltuto  only  a anall  part  of 
the  whold*nerve  response^  Tho  i&^ulaea  in  those  fibers  are 
asynchronous  (except  at  extremely  low  frequencies)  because 


of  the  traveling  v/ave  pattern  on  the  basilar  merobrane^ 


and  the  number  of  such  fibors  la  only  a small  fraction  of 


the  total  auditory  nerve  fiber s«  Tlnis  all  tbs  previous 


uxperinenta  in  t^oh  niorophonio  responses  and  action 


potentials  wore  recorded  with  electrodes  placed  near  or 


in  tho  baaal  of  tho  cochlea  must  now  bo  considered 


as  glvlrn  inf oinnatl on  as  to  the  function  of  tho  basal  turn 


only  and  not  the  \ippor  part  of  tho  ooohloa» 


The  fact  that  the  responses  of  the  basal  turn  fibors 


appear  at  or  slightly  after  the  negative  pealt  of  tdho  wholo- 
nervo  response  (Pigs*  5 and  6)  supports  the  view  (PaviSj, 


Tasold.  and  Goldstein  (7))  that  tho  whole»norvo  response 


la  generated  by  tho  nerve  irapulsos  traveling  in  the 


modlolus«  Tho  distance  from  the  spiral  ganglion  in  tho 


A 


•*  L^J  •“ 

toasel  ttum  to  tho  internal  arditory  neatua  Is  some  tiling 
like  2 ran*,  and  the  rnt©  of  cond’jctlon  in  tiiis  peu^t  of 
tho  arditory  norvo  fibor  should  be,  on  tho  basis  of  tli© 
fiber-dianotorSp  about  10  rj/soc*  Tho  rocordlng  micro- 
olootrodoa  vxoro  pushed  into  tho  flbore  at  a poiiit 
appro-ti. mutely  half  way  between  tlio  spiral  ganglia  end 
tb>i  internal  auditoapy  moatus*  It  has  been  shown  previously 
(7)  that  tho  potential  in  tho  modiolus  (rtscordad  with  a 
gross  electrode)  shows  a sharp  nogst5.vity  at  ox'  very 
slightly  after  tho  nagativo  poek  of  the  ordinary  whole- 
nosnre  responses 

Tbs  oxperimontal  results  obtained  wi\;h  lidorcslootrodos 
shed  sc'.TMi)  light  on  trie  problem  of  the  initiation  cf 
auditory  nei’vo  impulsoe  at  tho  nerve  endinge?  At  2^0  epa* 
sing3.e  fiber  spikes  appoarod  fco'e'ard  tho  end  of  the  nogatlve 
phjtjse  Gf  tho  microphonlc  wava^  Allowing,  apprc^itsaboly 
1 maeo*  for  tli©  condiiotiou  fz'om  tno  and*  ngii  to  tho  rGooriiug 
microaloctrode  (cf*  Davis,  TcsiyJ:!  €ind  Golds t-oln  (?})*  it  is 
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fO'Wid  that  tho  ciust  hav«  arisdn  at  thi»  andinca 

filightl/  hoforo  tha  peak  of  the  negative  phase  of  the 
itdcrophonlo  wave  (recorded  from  soala  vesfcibull  of  tho 
basal  ttxrn)*  In.  other  «orda»  afferent  iroptilsea  are  irJL* 
tlated  in  the  period  when  the  electric  current  (which 
generates  the  observed  nd.oz»ophonio  potential)  is  flowing 
through  the  liair  cells  from  scala  veatibi:!!  to  aoala 
tTmpani*  (Note  that  in  a continuous  conducting  medium 
a negative  potential  appeara  when  there  is  a sirilc  of  current 
in  the  neighborhood*)  Purtheinnore  a '?irect  current  aj^liod 
across  the  ecshleor  partition  flowi^ng  from  coala  vestibuli 
toward  scala  tynqjani  enhances  tho  nerve  rosponsea  (22)* 

This  gives  strong  additional  experis^ntal  support  to  the 
view  that  the  mlorophonloa  are  the  internal  stimulus  which 
excites  the  afferent  nerve  ondlngs  electrically* 

Tho  results  obtained  with  5^0  ops  tones  are  complicated 
slightly  by  the  fact  that  slnglewflber  spikes  from  different 
fibers  api>oar  in  different  phases  of  the  cyol'j  of  the 


n — --ry  ^ T '*”'^**  ? 

» '•$  ..  J ^ , / 

A . .•  * 


mlorophonlo  roeponso*  But  the  roaaon  for  such  variety  in 


th©  phase  at  whloh  singl©**ft"oer  spikes  appear  la  door* 

It  has  been  shown  (21)  tliat  at  ops*  the  phase  of  the 
raiorophonlc  response  rocordod  from  the  apical  quarter 
(namoly  the  third  and  fourth,  turns)  of  the  guinea-pig 
cochlea  lags  behind  that  of  the  rospoLvse  of  the  basal  turn 
by  noro  than  7T  radians « Since  those  inlGX'ophonlo  responses 
are  tin?  sign  of  mechanical  movement  of  tho  cooiilear 
poi'tition  in  rosponso  to  th©  applied  sound  wave.,  and  fliziSo 
they  aro  directly  connected  with  tho  process  of  initiation 
of  nei»vo  inpul  SOS  at  the  nerve  ondings  (23»  7)«  v/e  should 
e3c^)ect  the  inpulsoa  initiated  in  tho  thii»d  or  apical  turn 
to  lag  hol'*ind  those  of  the  baoal  turn  flbors  by  noi‘e  than 
rr  radians*  The  dlf.foronco  in  conduction  distance  (from 
ths  endorgana  to  tlie  sit©  recordllng)  among  th,og©  nerve 
fibers  could  also  give  rise  to  some  difference  in  tdi©  time 
of  arrival  of  those  impuloes  at  tho  sit©  of  the  riicroelectrodo 
but  because  of  the  anatomf.cal  ar  ran  gome  nt  of  tho  guinea  p.lg 
cooiilc''  tliis  difforeric©  r.iuafc  he  small. 
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At  ^00  opfie  the  bas&l  half  of  the  oochlea  vibrates 
olisost  simiiltaneouely  so  that  the  dlffex^ence  in  phase  of 
the  motion  ie  leas  than  7t/1{.  radian  (21)  • Since  the  number 
of  afferent  fibers  per  toiit  lencth  oricinatinG  different 
parts  in  the  ooclilee  does  not  differ  appreciably  from  turn 
to  turn  (V/ever  (23)jl  for  the  human  oar;  Fernandez  (un«» 
publishod)0  in  the  ear)»  the  majority  of  the 

ooohloar  nerve  fibers  should  respond  in  a definite  phase 
of  the  basal* turn  nicrophonio»  Aotuallyt  those  syolu>onized 
nerve  impxilsos  gave  rise  to  uell-dofined  whole-nerve  action 
potentials  (see  tlis  examples  in  Pig,  The  majority  of 

the  single-fiber  spikes  (recorded  in  the  modiolus)  tended 
to  appear  the  phase  0 (at  which  the  whole-nerve  rosponso 
shows  a sharp  peak)  or  slightly  later*  It  is  therefore 
quite  safe  to  conclude  that  those  fibers  nlxloh  respor4dad 
in  the  period  between  0 and  tt/Z  In  pliase  angle  orlcinuto 
in  the  basal  half  of  the  cochlea*  And  again^  allowing 
1 nsoo-  for  the  conduction  between  the  nerve  endings  in 
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t}h3  bG.saX  bupn  and  bho  al'be  of  j?©cot*dln£^  it  Ig  found 
that  tho  norvo  inpiaaea  ejf»e  initiated  at  the  oadinsa  in 
the  oaj?ly  half  of  the  nogativ®  phaeo  (scala  vostlbuli 
negative  to  aoala  tympanJ  ) of  the  i)ilci-*ophonie  vrdv®*,  Thia 
ag:eeos  v/lth  the  conclusion  dpawn  fx*om  tho  nceults  for- 


290  CpSi 


At  290  cpao*  tho  timo  required  for  tho  raochanical 
v7ave  to  travel  along  tho  cooiilear  partition  toivards  the 
apos*  ie  much  ahorter  than  at  500  cps*  Tho  phase  difference 
of  th©  miorophonlo  v;av5P  ia  not  moro  than  ff/Z  botiTsen  tho 
tv/o  extreme  ends  of  tli©  ooclxloar  pertition#  In  other 
wordri,  the  on  tiro  cochlear  pai'titlon  la  bijating  almost 
synclironoueiy  at  this  lev  frequency » One  should  therefor© 
oxpoct  all  the  aingle«flb©r  spJkos  to  appoox»  In  the  saino 
r©S.a'(;ion  to  the  mlorophonic  vravoa  Our  ob«orvat5,on  showed 
that  ti^la  1b  actually  the  oae©* 

Tiilfing  whole-norve  roarjonses  aa  thoir  index,  i^oaonbllth 
and  P.of.onzvfoig  (15)  arr’lvad  at  the  uonoluaion  timt  the^ 
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norvo  Inmulaes  start  at  a definite  phase  of  the  mlcropbonie 
vrave*  As  has  been  pointed  out  above#  their  experiments 
deal  only  vdth  the  responses  of  the  basal  ttu*n  fibers  and 
the  nlcrophonio  z^sponses  in  the  basal  turns  The  presenoe 
of  such  relationship  between  these  two  ^pes  of  responses 
is  therefore  in  good  agreement  with  our  results* 

The  ooohlea  has  long  been  oonsidered  as  a kind  of  wave 
analyzer  which  is  capable  of  separating  a compound  sound 
wave  into  its  eompononta*  This  notion  is.  however#  oc^y 
partly  true*  In  the  basal  turn  a nlxt\jro  of  liigh  and  low 
tones  oausec  a moohanioal  vibration  as  such*  namely# 
without  its  being  x*esolvad  into  Its  components#  and  excites 
the  nerve  endings  in  the  form  of  the  applied  mixed  v/ave* 
Separation  between  tlie  components  occurs  only  as  the 
mechanical  wave  (caused  by  the  mixed  tones)  travels  along 
the  cochlear  partition  upwards  and  the  hi(^er  frequency 
oonq>onent  decays  more  rapidly  than  the  lower  one  as  tbsy 
travel  (21)*  The  application  of  Fourier  analysis  to  a 


oon9>Iex  aound  wava  cmd  Intappirotatlon  or  ths  total  physio* 
logical  effect  as  a atnn  of  the  effects  of  those  constituent 
pwo  tones  Is  dangax’ouo  and  In  most  eases  Qpron&ovm^  Wave 
analysis  Is  of  oourse  essential  for  any  theoretical  and 
practical  treataenta  of  dynamical  pi*obl©ni3  in  the  cochlea* 

Buto  for  oonai deration  oi‘  tha  process  of  initiation  of  nerve 
Impulses  (rhioh  are  all-or«non©  in  nature  particularly  in 
the  basal.  tui*n  where  any  mixture  of  tones  can  act  w.  thout 
being  separated  into  its  componentn^,  mathsmatleal  analysis 
of  tha  oon5>lox  wave  into  its  physical  components  la  undoubtedly 
worthless* 

Tarough  the  experimental  results  dosoribod  In  this 
paper  tha  phyaiologlcol  bases  for  pitch  poroeptlon  in  man 
hi3  ttlno  become  clearer*  to  «!000  epo*  at  least  nerve 
impulsos  In  individual  auditory  nerve  fibars  tend  to  appear 
at  some  integral  multiple  of  tiie  period  o.f  the  app1,l©d 
pur©  tone*  In  the  entire  range  cf  the  auiiifcie  fjoundsp  the 
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pattern  of  distribution  of  excitatory  process  in  the 
cochlea  (as  examined  by  obsorvlns  its  tendency  to  Initiate 
nerve  inpulses)  chonGOs  ns  a function  of  frequency:  the 
lower  tho  frequency  the  grontcrls  the  eoq>hasis  In  the 
apical  part  of  the  cochlea*  A p*uro  tone  excites  In  General 
on  "areSf''  and  not  a "spot*”  In  tlio  cochlea*  A tone  is  In 
a senso  a complex  stimulus  that  causes  responses  In  many 
dlf f e >ent  norve  fibers  from  different  places  In  the  cochlea* 

StI.lT.IARY  AKD  COHCLUSIOW 

lo  A technique  was  developed  to  zecoM  slnole«flber 
zrasponses  from  the  cochlear  nerve  In  the  modiolus  of  tlxe 
guinea  pig  on  acoiistlo  stlmhlatlono 

2*  Spontaneous  discharges  of  Inntilsos  were  recorded 
from  many  non«»audltory  noirre  fibers  In  the  elchth  nerve* 

3*  Spontaneous  dlsoharGos  of  irnpulsoo  in  Individual 
auditory  nerve  fibers  were  never  Inlzlblted  by  acoustic 
stimulation*  This  is  one  of  tho  main  differences  between 
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■bho  princry  and  tiw  oeacndiu'y  noupons  in  the  auditory 
syatomj 

i}.rt  In  x’caponao  to  a etront;  OOOO  cpa*  tone  pip#  s5.n{;le" 
fii>0p  Hpikoa  etoptod  at#  or  BllftJitly  after#  the  peak  of 
the  whole«nex*va  poeponiso#  Wtasa  spikes  shouod  a narlced 
varlatj.on  in  latency*  The  najox*  portion  of  tho  H2-response 
of  tho  i?^ole-nex*ve  action  potential  Is  genorated  by  the 
popatltlve  activity  of  tho  primary  neurone* 

5k  The  nox*vo  fibers  oriainc  in  tho  basal  torn  of  the 
coohloei  raapond  to  tones  of  any  audiblo  frequoncy.  The 
flbors  apleins  in  the  upper  part  of  tljo  cochlea  respond 
oni:y  tc  low»fx»OQuen©y  tonoe*  Tho  rosponso  area  T?as  vnapped 
out  foi>  aaveral  single  ai’ditory  fibers* 

6t  The  else  of  the  microphonic  rospoiis©  rosordad 
with  difforontial  oleotrodos  fiKsn  different  parts  in  tha 
ooohleE.  reproBontB  the  tendency  of  a tone  to  initlato 
nai>V6  Ixspxilses  at  that  place  and  froqueno;!''* 
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7*  With  290  and  500  cpSs  tones  the  nerve  impulse a 
are  initated  early  In  the  phase  of  the  nlcrophonlo  reeponaoj 
during  wliloh  the  hair  oella  are  traversed  by  slecbrlo 
current  flowing  from  soala  vc'ati'.bull  to  soala  t3nr5)ani* 

Ihia  otrongthonn  the  view  that  tl.«>  mlerophoiiic 

are  direct  electrical  at  rniHl  for  Initiating  inpuleea  at 

the  nerva  endlngSo 

8»  Some  of  the  banal  turn  fibers  have  liigjher  threshold 
than  others*  It  la  au^^.gested  that  tho  nerve  ondlnga  on 
tliQ  internal  hair  cell«  are  loss  oenaltlvo  to  sounds  than 
those  on  the  oxtemal  hair  cells, 

9«.  Pollowltig  applioEtion  of  a short  strong  tone  pip 
a briof  of ter-dieoharse  of  impulses  was  often  observed* 
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Figure  1,  A mid-modiolar  Sv3ct?.on  of  a guinea  pig  cochlea* 

The  dotted  linos  show  the  position,  tho  dlroction  and  the 
size  of  the  hole  for  approaching  tho  nerve  fibers  in  tlio  • 
modiolus*  Tho  bar  at  the  corner  subtends  1 inm. 

Figure  2*  Relation  between  the  intensity  of  sound  (left 
column)  and  the  mlcrophonic  responses  recorded  from  the 
basal  turn  (middle)  and  from  the  third  turn  (right)  of 
the  cochlea*  Three  records  at  each  freauancy  were  photo- 
graphed simultaneously*  Gorapai^e  relative  amplitudes  and 
the  phase  differences.  CaliWation  at  the  bottom  indicates 
the  sound  pressure  of  approximately  57  db  above  0,0002 
niivcrobar  at  1000  cps.  (left)  and  1/3  mV  peak  to  pesJk 
(middle  and  ri^t)* 

Figure  3»  Discharge  of  impulses  in  non-auditory  nerve 
fibers  in  tho  Eighth  nerve*  A:  A regular  discharge 

recorded  together  with  sound  stimuli*  B:  An  irregular 

discharge.  G:  A low-frequency  irregular  di.scliarge  with 

the  start  of  the  resting  potontlal  in  the  middle*  D: 

Start  of  an  injury  discharge,  E:  An  injui*y  discharge, 

Po.Jir  different  fibers  from  the  cochlear  nerve.  Time  marker, 

10  msec,,  applied  also  to  other  records.  The  gradual  rise 
of  the  base-line  following  the  start  of  the  resting  potential 
in  records  G and  D is  due  to  condenser-coupling  in  the 
amplifier* 

Figure  i|.<,  Responses  to  strong  500  cps,  tone  pips  recorded 
from  tiaroe  different  fibers  in  one  cochle.'ir  nerve*  Whole- 
nervs  responses  and  nlcrophonlcs  are  sliovm  below.  The 
Isu.’gost  single  fiber  spikes  a.re  of  the  order  of  2 mV 
and  the  whole-nerve  spikes  are  about  0*1  mV. 

Figure  5"  Microphonics  (left),  whole-nerve  action  potentials 
(middle)  and  single-fiber  responses  (rdght)  induced  by 
G0i)0  cps  tone  pips  repeated  at  8 per  sec.  The  amplitude 
of  the  microphorulc  responses  \ms  approximately  0,1  mV 
(poair  to  peak),  the  whole-nerve  responses  a.bout  0*25  mV 
and  slngle-fibor  spikes  about  2,5  mV.  Time  marker,  1 msec. 

Figure  6.  Same  as  in  Fig,  5s  but  with  longer  pips*  The 
distortion  of  the  base-line  imiuedi ately  before  the  first 
sihgle-fiber  spikes  is  due  to  the  whole-nerve  responses 
picked  up  by  the  microelec brode*  Time,  1 msec* 

Figure  7*  Single-fiber  spikes  induced  by  1000  cps  pure  bones* 
Sound  intensity  was  approximately  55  db  above  normal  human 
thi’Cfihold*  The  sinusoidal  standing  wave  shows  tho  sound 
stiinuli^s  1^9  cor  led  v/ith  a d^/ne.ralc  microphone.  The  figiu?e 
on  the  oscillograph  screen  wan  photographed  \7ith  a 
stationary  film;  exposure  approximately  0*5  sec? 
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Figure  8,  Tlma-relatiou  between  the  microphonic  responaes 
(reoorda  on  the  loft  in  etch  column)  and  the  single  fiber 
responses  {right) t Sound  stimuli  were  slowly  increasing 
290  cps.  tones  of  approximately  ^0  db  above  the  normal 

^ human  threshold  in  the  room.  The  deflection  of  the  left 

oscillograph  beam  was  upwaid  when  scala  vestlbuli  became 
positive  i»alative  to  scala  tympani.  The  maximum  tunplitude 
of  the  observed  microphonic  response  is  approximately 
0.1  mV  pealc  to  |)eak.  The  two  columns  were  taken  from  the 
same  fiber. 

Pigttre  9*  Same  as  in  Pig.  5g  but  with  500  ops  tones.  The 
right  and  left  sets  of  records  woi*e  taken  from  different 
fibers  in  the  same  cochlear  nerve.  Sound  intensity  in  the 
room  was  approximately  1|.0  db  above  the  human  threshold. 

Figure  10.  Responses  in  foxa?  different  fibers  in  a cochlear 
nerve  to  tone  pips  of  between  600  and  83OO  cps.  Sound 
stimuli  were  recorded  aimxiltanoously  by  means  of  a micro-* 
phone.  The  interxj'al  between  the  pips  was  approximately 
50  msec.  The  soxind  pressxire  for  the  pip  at  the  resonance 
point  near  1000  cps  was  approximately  9m-  db  above  O.OOC2 

* mlcrobar.  The  microphone  xased  was  almost  flat  from  ^00 
xjp  to  9000  ops.  The  spike-height  of  the  largest  single- 
fiber response  was  about  3 niV* 

Pigxira  11.  Responses  of  a single  auditory  nerve  fiber  to 
> tone  pips  of  different  frequencies  and  intensities. 

Stimxili  were  similar  to  those  xxsod  in  the  experiments  of 
Pig.  10,  but  tone  pips  for  the  uppermost  records  (0  db) 
were  10  db  stronger  than  in  the  previous  e::q)orlraent.  The 
dotted  line  shows  the  boxaidary  of  the  response-area  of  this 
fiber. 

Pigxxre  12.  High-threshold  ( A cuKa  v)  and  low-t’nreshold 
(B  and  D)  responses  in  foxar  different  basal-turn  fibers  in 
the  same  cocl^aar  nerve  under  constant  eaqaeramental  con- 
ditions. Soxxnd  intensity  for  l}.000  cps  pip  was  approximately 

* 105  db  above  0.0002  mlcrobar.  Pips  were  repeated  at 
approxinuxtely  >0  msec,  intervals. 

Pigxare  1.3*  Effect  of  soxand  intensity  upon  the  nximber  of 
Irapxalses*  A:  Responses  to  50^^  ops  tone  pips;  the  strongest 

pips  in  the  piotxare  xirere  approximately  lOlj.  db  above  0.0002 
mlcrobar.  B:  Reayonaea  to  5000  ops  tone  pips;  the  strongest 

pips  wex*e  approximately  106  db.  A and  B were  talcen  from  bro 
different  fibers  in  the  same  cochlear  nerve.  Tima  marker, 

^ 10  msec. 
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Pigm'e  lii-o  delation  between,  the  intensltj  of  a pip  and  tba 
maslber  of  impnlses  elicited  by  the  pip  in  a single  atiditory 
nerve  fiber.  Frequencya  ^'00  cps.  i‘he  abscissa  represents 
soxmd  presstire  in  microtars  (linear  scale).  The  shape  of 
the  pips  is  given. 

Figure  l|5o  After-discharge  of  impu-lses  following  stiriuia- 
tion  with  a strong  pip.  Time  marker,  10  msec.  The  in-, 
tensity  of  the  pip  in  the  middle  of  the  figirre  (1100  cps) 

[ was  approximately  9^1-  db  above  0,0002  mlcrobar  (maximum;. 
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